Here, we study the old problem of why identical insulators can charge one another on contact. We perform several experiments showing that, if driven by a preexisting electric field, charge is transferred between contacting insulators. This happens because the insulator surfaces adsorb small amounts of water from a humid atmosphere. We believe the electric field then separates positively from negatively charged ions prevailing within the water, which we believe to be hydronium and hydroxide ions, such that at the point of contact, positive ions of one insulator neutralize negative ions of the other one, charging both of them. This mechanism can explain for the first time the observation made four decades ago that wind-blown sand discharges in sparks if and only if a thunderstorm is nearby.
I. INTRODUCTION
Contact electrification, which describes the phenomenon that two contacting insulators can acquire electric charges when they are separated, is responsible for numerous mysterious natural phenomena, such as the generation of electrified particles in wind-blown sand and dust [1] [2] [3] [4] , lightning near volcanic dust plumes [5] , and devastating explosions in grain and coal plants [6] . Contact electrification is also extensively exploited in industrial applications, such as electrophotography [7] , Laser printing [8] , 3D printing [9, 10] and electrostatic separations [11] . Despite this huge importance of contact electrification for nature and industry, its underlying physics remain elusive [12] [13] [14] [15] [16] , even though it has been studied since ancient Greece. The main difficulty is to understand how insulators, which by definition have no free charge carriers, can charge one another on contact. In fact, many complex contact electrification mechanisms, based on electron transfer [17, 18] , ion transfer [13] , transfer of charged material [19] , asymmetric partitioning of hydroxide ions [20, 21] , and nanochemical reactions [22, 23] have been proposed, but the scientific debate remains controversial [19, 24, 25] . For instance, charge transfers between insulators often depend on the contact mode (e.g., point contact, area contact, rubbing contact) and other specified conditions [24] , with the consequence that certain mechanisms may be predominant for certain conditions, but negligible for other conditions. Moreover, certain phenomena, which are associated with contact electrification, remain insufficiently explained: For instance, in 1971 Kamra made the fascinating observation of electric activity when a thunderstorm blew over gypsum sand dunes in New Mexico [26] . On the top of several dunes, he saw sparks without branches extending from the ground straight up to a few meters height in the air and clearly distinguished them from thunderstorm lightning. However, at days without nearby thunderstorm, but similarly strong winds, Kamra [26] mysteriously did not observe any such sparks. Recently, Ref. [15] also made similar observations in the laboratory: The authors fluidized a particle bed filling a glass jar. With fluidization the bed particles started to collide with each other. They then acquired large electric charges when a pre-existing electric field generated by a van de Graaff generator was applied on the jar, but did not so when the generator was turned off. The relative air humidity in these experiments and Kamra's observation was of comparable magnitude. Ref. [15] proposed and simulated a charge transfer mechanism to explain their laboratory experiments: Under the presence of a sufficiently strong pre-existing electric field, oppositely charged charge carriers gather at opposite hemispheres of the insulators before collision, so that at a collision of two insulators the charge carriers within the colliding hemispheres neutralize each other, which charges both colliding particles. The simulations further considered that particles are neutralized when they hit the grounded bottom, which allowed net-charging the agitated particle cloud, even though the charge transfer mechanism conserves charge. These simulations were in quantitative agreement with the laboratory observations, and thus offered a possible explanation for Kamra's [26] observations for the first time [2] . However, since Ref. [15] neither specified the identity of the involved charge carriers nor the manner in which they move within the insulator, a complete picture explaining Kamra's [26] observations has still been missing.
Here we investigate a contact electrification mechanism, which is triggered by the interplay of a pre-existing electric field (E) and humidity, by experimental means. As we explain in the following sections, we believe this mechanism works in the following way: First, the insulators adsorb water from a humid environment on their surfaces. Then positively and negatively charged ions dissolved in this water, we believe hydronium and hydroxide ions, polarize and thus gather at opposite sides of the insulators due to the electric field. On contact they neutralize the respective other species around the contact domain. Finally, when separated, one insulator remains with most of the positively and the other one with most of the negatively charged ions. Apparently, the here described charge transfer along and between the insulators resembles the aforementioned charge transfer mechanism of Ref. [15] . However, since also the identity of the involved charge carriers and the manner in which they move along the insulator surface are specified, our studies offers a first complete explanation for the aforementioned observations of Kamra [26] .
Our study indicates that, at least for point contacts (e.g., interparticle collisions), the mechanism we investigated seems to be much stronger than other contact electrification mechanisms if the electric field and the relative humidity are sufficiently large. Interestingly, humidity and thus hydronium and hydroxide ions due to the dissociation of water have been associated with a large variety of electrostatic effects and even been identified as key components in contact electrification in many previous studies [13, 20, 21, [29] [30] [31] [32] [33] [34] . Humidity has also been linked to the pick-up of insulating particles from a grounded particle bed [35] or from a grounded conductive plane [36] by pre-existing electric fields. In fact, in laboratory experiments such particles were lifted by strong electric fields in the presence of sufficient humidity. It was speculated that this happens because the particles charge via induction (i.e., the redistribution of electrical charge in a conductor due to electric fields) due to water on their surfaces adsorbed from a humid environment. Indeed, the water makes these surfaces conductive, resulting in an upwardly-directed lifting force due to the electric field [37] . Note that this speculated lift mechanism strongly resembles our contact electrification mechanism. The important difference is the contact time: It is not a priori clear that the lifting mechanism, in which particles are in enduring contacts with their conductive surroundings before they are lifted from the surface, can be generalized to a contact electrification mechanism working for general contacts of insulators, including comparably very brief contacts during interparticle collisions in midair. Moreover, it is actually unclear why adsorbed water on the particle surfaces makes them conductive because experimental studies have shown that water films on particle surfaces may not be continuous, but instead covered by a multitude of small water islands, even for very hydrophilic particles [27, 28] . In our study, we propose that adsorbed water may make the insulator surfaces quasiconductive even if the water films are discontinuous because charge might be exchanged between these water islands and water vapor surrounding the insulators.
II. EXPERIMENTS WITHIN SILICONE OIL
We carried out experiments within cells completely filled with silicone oil. These experiments are described below (a detailed description of these experiments can be found in Appendices A and B):
1. We placed a glass bead between two charged metal electrodes and observed that it bounced forth and back between these electrodes. We measured the absolute value of the charge of the glass bead after contact with these electrodes as a function of E (see Fig. 1a ). These experiments confirm that charging of the glass bead occurs during the contact with these electrodes.
2. We placed either two or four identical glass beads between these electrodes and observed that they bounce between each other and the electrodes (see Figs. 1b and 2, and Supplementary Movie 1). In the case of two glass beads, we measured the charges of both beads before and after a collision (see Fig. 1b ). These experiments confirm that a large amount of charge is transferred between the two glass beads at contact since the total charge of the two beads remains roughly constant.
3. While in experiments 1 and 2 the glass beads were stored in air before placed into the silicone oil, we now baked them for several hours to get rid of most of the water on their surfaces. After baking no bouncing was observed, confirming that the presence of water on the surface of the glass beads is necessary for the their charging.
4. We hung two fibers down a bar. At the end of each fiber a glass bead was placed, and the distance between the two fibers was exactly one bead diameter, meaning that the glass beads were initially just in contact. If we activated a strong electric field (E = 2.5kV/cm) directed normal to the contact plain, the glass beads separated (cf. Fig. 3b ), while no separation occurred if the electric field was absent (cf. Fig. 3a ) or directed parallel to the contact plane (cf. Fig. 3c ). These experiments confirm that a pre-existing electric field is responsible for the charging of the glass beads, and that the relevant component is the one in direction normal to the contact plane. Moreover, we now varied the component of E in direction normal to the contact plane and then, regardless of whether the glass beads separated or not, manually removed one bead including its fiber from the setup after turning on the field. After the removal, we increased the electric field to a high value (E = 3.75kV/cm) and measured the absolute value of the charge of the remaining bead indirectly from its displacement due to the Coulomb force. We found that it is approximately proportional to the electric field component in direction normal to the contact plane (see Fig. 4 ).
FIG. 1. Experiments within silicone oil: (a)
Absolute value of the charges of a glass bead (r = 1mm) and a water drop (r = 1mm), bouncing between two charged metal electrodes, after contact with the electrodes versus electric field strength (symbols). The charges were estimated from a balance between the viscous drag and Coulomb forces, while the solid line displays the theoretical charge of a perfectly conducting sphere (r = 1mm) [38] . (b) Positions relative to the cathode and charges of two glass beads colliding between two charged metal electrodes (E = 2.5kV/cm) before and after their collision (Q1 + Q2 ≈ q1 + q2).
III. IDENTITY OF CHARGE CARRIERS
What are the charge carriers giving the glass beads their charges? The fact that the glass beads must have been subjected to a humid atmosphere prior to the experiments to receive charges in contacts indicates that the surfaces of the glass beads have adsorbed water from the atmosphere (see Appendix D for different adsorption mechanisms). Hence, the charge carriers are either ions dissolved in the adsorbed water or charge carriers produced by reactions between the insulator surface and substances dissolved within the adsorbed water (for instance, O 2 dissolved in the adsorbed water can considerably increase the surface conductivity of undoped diamond [39] ). To minimize the likelihood of chemical reactions with the glass bead surface, we redid the experiments 1 and 2, but this time we subjected the glass beads to a humid N 2 atmosphere before placing them into the silicone oil. In fact, we observed exactly the same bouncing behaviors as before. Since N 2 is a very inert gas and thus very unlikely to react with the surface of the glass beads, ions dissolved in the adsorbed water remain as the most likely charge carrier candidates. This is further supported by our measurements showing that the absolute charge of the insulator after contact with the electrodes as a function of E resembles that of a water drop (see Fig. 1a ), indicating that the contact electrification mechanism is not related to chemical properties of the glass bead. How- ever, one should be aware that this resemblance might be coincidental. Concerning the identity of the ions dissolved in the adsorbed water, we believe, like many previous studies under similar circumstances [13, 21, [29] [30] [31] [32] , that the majority of them are hydronium and hydroxide ions due to the reaction 2H 2 O⇋H 3 O + +OH − , especially in the cases in which the glass beads where stored in a humid N 2 atmosphere. This is because in water saturated with nothing but N 2 , other ions seem unlikely to be created by standard chemical reactions. Nonetheless, it cannot be excluded that other ions, such as HCO − 3 due to remnants of CO 2 dissolved in the water or ions from substrates with ion bonds contaminating the insulator surface, are significantly or even predominantly involved.
IV. CHARGE TRANSFER MECHANISM
Knowing that the charge carriers are most likely ions dissolved in water adsorbed on the insulator surface, it remains to answer the question what happens to these ions in an electric field before, at and after contact. Assuming that these charge carriers can be transported along the insulator surface, the electric field, if sufficiently strong, will make the negatively (positively) charged ions gather at the hemisphere closest (farthest) from the anode (cf. Fig. 3d ). At contact, presuming the electric field is normal to the contact plane, the positively charged ions of one glass bead neutralize the negatively charged ions of the other one within a small water bridge forming around the contact point (cf. Fig. 3e ). When the glass beads separate, one glass bead remains with most of the positively and the other one with most of the negatively charged ions (cf. Fig. 3f) . The charge transfer mechanism described above requires that the ions can be transported along the insulator surface. One possible transport mechanism is that the ions can freely move in a continuous water film coating the insulator surface. However, this possibility seems unlikely since experiments have shown that water films on particle surfaces may not be continuous, even for very hydrophilic particles [27, 28] . Instead particle surfaces might be covered by a multitude of small water islands [27, 28] . We thus speculate that the ions instead might hop from water island to water island. This might be possible because each water island might be able to exchange charges with the surrounding water vapor. In fact, charge transfer between metal surfaces and surrounding water vapor under high humidity have been confirmed experimentally [21] . Since the lifetime of adsorbed water molecules is of the order of milliseconds [40] , there should always be water vapor surrounding the particles, even in our silicone oil experiments.
V. SENSITIVITY OF CHARGE TRANSFER TO SURFACE MATERIAL PROPERTIES
Whatever the exact charge carrier transport mechanism might be, it is at least clear that it is the more efficient the more water is available on the insulator surface. This suggests that the aforementioned charge transfer mechanism works better for hydrophilic materials, such as glass, than for hydrophobic materials, such as polyethylene (PE), polystyrene (PS) and Polytetrafluoroethene (PTFE). Hydrophilic materials are characterized by large free surface energies, allowing them to form attractive bonds with the water molecules [40] . We estimated the free surface energy of the insulators indirectly by measuring the contact angle between a 1µL water drop and the insulator surface with large contact angles corresponding to small free surface energies. Indeed, we found that the larger was the contact angle the more difficult was the charge transfer between contacting insulators or between insulators and electrodes (see Fig. 5 ). We concluded this from quantitative measurements of the absolute charge of spherical beads after contact with the electrodes (see Appendix C) and from qualitative observations of the bouncing behavior of objects (see Supplementary Movie 2) for different dielectric materials: For instance, bouncing between the electrodes did not occur for the most hydrophobic materials PE, PS and PTFE. Also, when PE and PS particles came in contact with the electrodes, they remained in contact and rolled on the electrodes for a while before eventually separating (see Appendix E for a possible mechanism). PTFE particles, which are more hydrophobic than PE and PS, did not separate at all from the electrodes after contact. In fact, by measuring the average thicknesses of the water covering the surfaces of PTFE and silicon oxide particles (as a representative for hydrophilic materials) as a function of air humidity, we found that the average water thickness on the surface of PTFE particles is between one and two monolayers of water molecules almost independent of the air humidity (inset of Fig. 5 ). This is very probably too thin to allow efficient ion transport and explains why contact electrification for PTFE particles was much weaker than for hydrophilic particles. The ability of a PTFE particle to adsorb water can be increased by immersing it in saturated sodium dodecyl benzene sulphonate (SDBS) ethanol solution. After doing so, the contact angle between the 1µL water drop and the particle surface decreased from about 120
• to about 15
• , indicating that a hydrophilic molecular layer with a large free surface energy assembled on the PTFE particle surface. Our measurements show that, after surface modification, the PTFE particles bounced between the electrodes, just like hydrophilic particles (see Supplementary Movie 3).
VI. CONCLUSION
What is the relevance of the contact electrification mechanism we investigated in comparison to previously described mechanisms? To answer this, we emphasize that the absence of bouncing of glass beads between the electrodes in experiments 1-3 or undetectable glass bead displacement in experiment 4. do not necessarily imply the absence of contact electrification, for instance due to previously described mechanisms, because the charging may have been too weak to be noticed in our experimental setups. However, they do imply that the charging is much weaker in comparison to the cases in which bouncing occurs and glass bead displacement is significant, respectively. This means that, at least for point contacts (e.g., interparticle collisions), the mechanism we investigated seems to be much stronger than other mechanisms if the electric field and the relative humidity are sufficiently large. This particular conclusion is supported by a recent study on contact electrification [41] , which experimentally investigated the build-up of electric fields in an agitated particle bed in the absence of a pre-existing electric field. This study reported that the agitated bed does not build up an electric field if the relative humidity is too large (> 45%). Assuming the correctness of our interpretation of how our contact mechanism works, this can be easily explained since our contact electrification mechanism tends to dissipate existing electric fields. This means that any attempt of the agitated bed to build up an electric field is countered by the tendency of the field to be dissipated due to our mechanism. This tendency is the stronger the larger the humidity, explaining the existence of a critical humidity beyond which electric fields cannot be built up anymore.
Moreover, it has been shown that the kind of charge transfer mechanism we describe in Figs. 3d-f can lead to a huge build-up of charge in wind-blown particle clouds if the pre-existing electric field is sufficiently strong [15] . In fact, even though this charge transfer mechanism conserves the total charge, a charge build-up can occur due to settling down and neutralization of charged particles at the surface [15] . This might explain why Kamra observed sparks at the top of gypsum dunes if and only if a thunderstorm was nearby [2, 26] : In fact, the thunderstorm provided a sufficiently strong electric field and humidity (Kamra reported E ≈ 0.04kV/cm and 36 − 58% humidity) triggering our contact electrification mechanism. Since, according to our interpretation, this mechanism is based on the charge transfer mechanism described in Figs. 3d-f, it led to the aforementioned huge charge build-up and thus to highly electrified particles, which eventually discharged in sparks.
Finally, the fact that the charging of hydrophilic insulators in electric fields seems to resemble that of water drops (see Fig. 1a The experimental setup used in experiments 1, 2, and 3 is illustrated in Fig. A1 . Two identical copper electrodes were placed in a Perspex cell filled with silicone oil. The width, height, and thickness of the electrodes were 16mm, 20mm, and 3 mm, respectively. The distance between the electrodes was 16 mm, the viscosity (µ) of the silicone oil was 100 mPa.s at 25
• C. The high voltage power can be set to values between 0 and 10kV, therefore the electric field (E) can be set to values between 0 and around 6.25kV/cm. A high speed camera was used to record the bouncing movements of the glass beads or the water drops between the electrodes. A LED cool light was used in order to avoid heating up the silicone oil. In the water drop experiments (see Fig. 1a ), a pipette was used to generate water drops with a radius (r) of 1mm, which is equal to the radius of our glass beads. All the experimental runs were done at room temperature (25
• C). An experimental run was started by turning on the electric field and then placing the glass bead(s) or the water drop(s), respectively, one by one, but in fast sequence without interruption, onto the surface of the silicone oil. They sink in and it takes around 1s − 2s time until the glass beads hit the bottom, which is when we started capturing their movement with our camera. During the experimental run, the glass beads slide or roll along the bottom and thereby bounce between the electrodes and each other. In experiments 1 and 2, the glass beads were exposed to air with 50% relative humidity for two days before the experimental run was started, while they were baked in experiment 3. The initial horizontal movement of the glass beads in experiments 1 and 2, before they had their first collision with the electrode or another bead, is due to a small amount of excess charge of the adsorbed water [42] . Due to the absence of this charged water in experiment 3, we put the glass beads initially in contact with the electrodes and/or with each other, but no horizontal movement occured at all, and all particles settled down at the bottom after a few seconds.
From the images captured by the camera, we determined the velocities of the glass beads or the water drops, respectively. Once obtained these velocities were further used to determine the charge of the glass beads or the water drops, respectively, as we explain in the following: Since silicone oil is a highly viscous fluid and the velocities of the glass beads are small (the oil was at rest), we can calculate the fluid drag force (F d ) on a glass bead using Stokes law,
where U is the velocity of the glass bead and n a shape factor which takes into account that the glass bead is not a perfect sphere (n = 6 for a perfect solid sphere). We determined n = 6.12 from a single glass bead falling with constant settling velocity within the silicone oil (G − F b + nπµrU z = 0, where G is the magnitude of the gravitational force on the glass bead, F b the magnitude of the buoyancy force on the glass bead, and z the vertical direction). It has been shown that Eq. (1) is also fulfilled for water drops, even though they are liquid, with a coefficient of n ≈ 4 [43, 44] . Indeed, from a single water drop falling with constant settling velocity within the silicone oil, we determined n = 3.91. Knowing n, we determined the charge (Q) of the glass bead or the water drop, respectively, within our electric field (E) from the electrodes through QE − nπµrU x = 0, where x is the horizontal coordinate, as
whereby we neglected the frictional force from the sliding or rolling motion on the bottom because it is typically much smaller than the drag force. We indirectly confirmed this by performing an experimental test run in which the glass beads bounced vertically and thus without wall friction instead of horizontically. In this test run, we measured virtually the same charges.
B. Detailed description of experiment 4.
The experimental setup used in experiment 4 is illustrated in Fig. B1 . Two identical glass beads (r = 2mm) were hang down a bar using fibers with 10µm diameter and 55mm length. The glass beads were initially just in contact and put between two identical copper electrodes within a Perspex cell filled with silicone oil. The width, height, and thickness of the electrodes were 20mm, 25mm and 3mm, respectively. The distance between the electrodes was 32mm, such that the electric field could be set to values between 0 and about 4KV/cm. A camera was used to record the position of the glass beads during the experiments. The glass beads were exposed to air with 50% relative humidity for two days before the experimental run was started. All the experimental runs were done at room temperature (25 • C). An experimental run was started by turning on the electric field. If the electric field component in direction normal to contact plane (E) was stronger than about 2kV/cm, the two glass beads separated from each other, otherwise they did not separate (cf. Figs. 3a-c) because the attractive force (cohesion and/or adhesion) between the two beads was too strong. Still, even if they did not separate, they acquired electric charge whose value we determined as function of E (see Fig. 4 ) in the following way: Regardless of whether the glass beads separated or not, we manually removed one bead including its fiber from the setup after turning on the field. Afterwards we increased E to a high value (3.75kV/cm) and measured the displacement (d) of the bead due to the Coulomb force by comparing the camera pictures with and without electric field. From d we obtained the charge indirectly from the force balance
(see Fig. B2 ) as
We note that, if the electric field was weaker than 0.2kV/cm, we used longer fibers (215mm) in order to better detect the displacement of the glass bead. Furthermore, we wish to emphasize that we verified using the same method that the glass beads did not charge if they were not initially in contact with each other. 
an ideally conducting sphere with radius r would obtain after contact with the electrodes, where ǫ o is the permittivity of vacuum and ǫ r the relative permittivity of silicone oil. It can be seen that the more hydrophilic the material the larger is the charge after contact with the electrodes (cf. Fig. 5 ).
D. Water adsorption from a humid atmosphere
The amount of water adsorbed by an insulator from a humid atmosphere depends not only on the degree of humidity, but also on the chemical properties of the insulator surface. For instance, ionic insulators, such as NaCl and mica, adsorb water due to electrostatic interactions between the electric fields generated by the ions of the insulator and the dipole and higher moments of the water molecule [45] , while hydrophilic covalent insulators, such as glass and quartz, adsorb water due to the generation of strong hydronium bonds [46] . Hydrophobic insulators, such as PE, PS, and PTFE, which do not adsorb water by either of these mechanisms, can still adsorb water due to ubiquitous dispersion interactions [46] , however to a much smaller extent than with the other two mechanisms.
E. Possible mechanism for contact electrification of hydrophobic insulators
Even though contact electrification was strongly resisted by the hydrophobic insulators made of PE and PS, it still occurred. Here we hypothesize how the charge transfer mechanism might have looked like in case of an insulator-electrode contact. First, we note that the size of the water islands on the surfaces of hydrophobic insulators is much smaller than on hydrophilic insulators, and much less water vapor is located near the insulator surface. This makes charge transport from water island to water island via the aforementioned exchange with surrounding water vapor much more difficult for hydrophobic particles than for hydrophilic particles. We illustrated this in Fig. E1 through drawing isolated water islands, while the water film on hydrophilic particles was drawn as continuous in Figs. 3d-f to illustrate that charge transport along it is easily possible. These water islands, however, still contain small amounts of excess charge [47] and are either positively or negatively charged (for illustration purposes, the charges are only positive in Fig. E1a ). On contact with the cathode, the water island at the contact point becomes equipotential with it (cf. Fig. E1b ). Moreover, asymmetries in the charges of the water islands or in the particle shape induce torsion, and the particle thus rolls under its action (cf. Fig. E1c ). During this rolling process, more and more isolated adsorbed water domains become equipotential with the cathode, and the particles acquire thus more negative charges (cf. Fig. E1c ). Once the net charge of the insulator becomes negative, the particle separates from the cathode (cf. Fig. E1d ).
